Ge (001) surface was irradiated by 60 keV Sn ions to a fluence of 8 Â 10 18 ions/m 2 at a controlled substrate temperature, and the formation of defects was investigated. A damaged layer of about 50 nm thickness was formed on the surface at 150 K. In the case of irradiation at room temperature, a damaged layer was also created, but voids of about 15 nm diameter were created near the top surface. This result is explained by the high mobility of vacancies during irradiation at room temperature, and it is confirmed that the void formation process is dominated by the migration of induced point defects.
Introduction
Anomalous phenomena, including elevation and swelling, the formation of holes, voids, nanofibers, and cellular structures with nano to submicron dimensions, are observed on GaSb and InSb surfaces irradiated by energetic ions. The first report on these phenomena was in a study by Kleitman and Yearian in 1957, 1) in which the elevation of GaSb and InSb surfaces irradiated with deuterons was observed using an interferometer. After a gap of more than thirty years, several researchers noticed similar phenomena, and their mechanism was investigated by varying the irradiation conditions (for example, see refs. 2-7) for GaSb and refs. 8) and 9) for InSb). Similar phenomena occur in ion-irradiated Ge. [10] [11] [12] [13] [14] [15] [16] [17] [18] Appleton et al. performed cross-sectional transmission electron microscopy (TEM) to observe two Ge samples irradiated with 280 keV Bi ions to a fluence of 4 Â 10 19 ions/m 2 at liquid nitrogen temperature and room temperature. 11) They observed different structures on these Ge surfaces: an amorphous layer and a dislocation band on the Ge surface irradiated at the liquid nitrogen temperature and a damaged structure consisting of three layers (a heavily damaged layer containing voids and craters, an amorphous region, and a dislocation band) on the surface irradiated at room temperature. Ottaviano et al. observed a porous structure in scanning electron microscopy (SEM) images of a Ge surface irradiated with 100 keV Mn ions to a fluence of 2 Â 10 20 ions/m 2 in the temperature range of 300-463 K; however, no such structures were formed upon irradiation at temperatures above 513 K. 18) These researchers concluded that point defects play a major role in the anomalous phenomena.
At present, it is generally believed that similar phenomena such as the formation of porous structures on GaSb, InSb, and Ge by ion irradiation are caused by point defects. However the detailed mechanism is still under investigation. In particular, it is questionable whether there is a distinct difference between the mechanism for compound semiconductors (GaSb and InSb) and that for an elemental semiconductor (Ge); the voids form prior to amorphization in irradiated GaSb and InSb, but Ge is amorphized prior to void formation. 5) In this study, the formation of defects on Ge by Sn ion irradiation is investigated at low and room temperatures to control movement of the point defects. In addition, the same irradiation conditions (ion species, acceleration voltage, and ion fluence) as those for the study of GaSb 6) are used in this work for easy comparison of the results for Ge with those for GaSb.
Experimental Procedures
Mirror-polished single-crystal Ge wafers with (001) orientation were irradiated with 60 keV Sn þ ions to a fluence of 8 Â 10 18 ions/m 2 using a heavy ion accelerator at a low temperature (150 K) and room temperature. Cross-sectional TEM specimens prepared from the irradiated wafers by mechanical polishing and argon ion milling (GATAN Model 691 precision ion polishing system) were observed by TEM (JEOL JEM 2010F) at room temperature after ion irradiation. Structural changes associated with ion irradiation were observed by bright-field image (BFI) and selected-area electron diffraction (SAED) pattern. The size of a SAED aperture was 170 nm. Microscopy, Osaka University damaged layer of about 50 nm thickness under the surface in both samples and a thin heavily strained zone (of thickness less than 2 nm) between the layer and the matrix. The ion distributions in irradiated Ge and GaSb as a function of distance from the surface calculated by the SRIM code simulation 19, 20) are shown in Fig. 2 . Here we adopted the values of displacement threshold energy obtained by Andersen and Ziegler 21) for Ge (15 eV) and those obtained by Thommen 22) for GaSb (6.2 eV for Ga and 7.5 eV for Sb). The average of projected ion range is 24 nm in Ge and 25 nm in GaSb. The ions exist in high concentrations within 50 nm from the surface. Therefore, the damaged layer of about 50 nm thickness is formed on the surface. The BFI of the damaged layer of the sample irradiated at a low temperature is not uniform, and some structures are observed on the damaged layer. The SAED pattern of this sample shows Debye-Scherrer rings, (in addition to amorphous halos and matrix spots) indicating the existence of microcrystals. It is considered that the microcrystals are formed irradiated region by annealing when the sample temperature rises up room temperature. In the damaged layer of the sample irradiated at room temperature, the contrast differed from that of the sample irradiated at 150 K; it was uniform and its SAED pattern exhibited only amorphous halos and matrix spots. Therefore, the structure of the damaged layer in the sample irradiated at room temperature is almost completely amorphous. In addition, in the BFI of the sample irradiated at room temperature, the amorphous layer has a high density of voids on the surface. The diameter of the voids is about 15 nm and the minimum thickness of the walls is about 5 nm. It is noted that the voids are created about 5 nm depth from the surface. This means that induced interstitials annihilate at the surface sink, and induced vacancies survive near the surface. The voids are not formed in the sample irradiated at 150 K, however the voids are formed in the sample irradiated at room temperature. This shows that the mobility of vacancy at room temperature is too high, therefore the voids are formed. There is evidence of the formation of voids by induced vacancy.
Results and Discussions
In our previous study, the authors studied GaSb irradiated at room temperature at the same irradiation fluence (8 Â 10 18 ions/m 2 ) by cross-sectional TEM. 6) This work showed that a spongelike layer of 180 nm thickness was formed on the GaSb surface by the pileup of many voids of about 20-30 nm diameter and about 5-10 nm wall thickness. This spongelike structure is considered to be essentially the same type of structure as the monolayer voids structure formed in the irradiated Ge at room temperature ( Fig. 1(b) ) as follows. The vacancy distributions in irradiated Ge and GaSb as a function of distance from the surface calculated by the SRIM code simulation 19, 20) are shown in Fig. 3 . Because the calculated average production of vacancies per ion is about 2200 in Ge and 4450 in GaSb, the local vacancy concentration in GaSb is twice as high as that in Ge, which qualitatively explains the formation of multilayer voids in GaSb and monolayer voids in Ge. The voids are formed at the high dense region of vacancy (approximately 16 nm from the surface, see Fig. 3 ). The voids are formed monolayer in the initial stage of irradiation. The irradiated ions penetrate through the void by the effect of sequential irradiation. Therefore the multilayer voids are formed in GaSb. The sequential formation of these voids in Ge by further ion irradiation is thought to also lead to the porous and spongelike structures in GaSb. It was shown that the structural change in the Ge surface upon ion irradiation at room temperature is dominated by irradiation induced point defects. It is considered that the void formation requires above a certain level of vacancy concentration. The formation mechanism of the void by induced point defect in Ge is essentially the same as that in GaSb.
6) The effects of low temperature irradiation may be different for Ge and GaSb according to the results given in this article. The Ge surface was only transformed into a microcrystalline and amorphous structure at ion irradiation of the fluence of 8 Â 10 18 ions/m 2 , unlike the GaSb surface, in which voids form in the crystalline matrix and a cellular structure develops from these voids at the same fluence. Some of the differences in the structure can probably be attributed to the difference in the properties such as the threshold energy of the displacement.
Conclusions
In conclusions, defect formation in Ge induced by 60 keV Sn ion irradiation to the fluence of 8 Â 10 18 ions/m 2 at a controlled substrate temperature was studied by TEM, and compared with that in GaSb. Damaged layers of about 50 nm thickness formed in samples irradiated at both 150 K and room temperature. These damaged layers had some differences in their structure. The damaged layer formed by low temperature irradiation contained microcrystalline and amorphous structures, and the layer formed by room temperature irradiation was amorphous. Also the voids of about 15 nm diameter were created only near the surface of the sample irradiated at room temperature. These results show that the formation of the defect structure is dominated by the mobility and the amount of the induced point defects. The formation mechanism of the void by induced point defect in Ge is essentially the same as that in GaSb. Fig. 3 Vacancy distributions of Ge and GaSb as a function of distance from the surface calculated by the SRIM code simulation. 19, 20) The local vacancy concentration in GaSb is twice as high as that in Ge.
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